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ABSTRACT
We present comparative material for the identification of culinary residues of cooked tubers of Solanum sp., 
Oxalis tuberosa and Ullucus tuberosus. We use a broad concept of taphonomy that includes the study of plant 
modifications resulting from the preparation of food, in this case the boiling and cooking al rescoldo of fresh 
tubers. We undertake a number of controlled cooking experiments and compare the results with fresh samples. We 
discuss morphological and optical modifications of tissue fragments and intracellular particles resulting from our 
cooking experiments. Finally, we discuss the possibility of recognizing cooking techniques from microscopic 
analysis of tuber remains.
Keywords: Taphonomy; Culinary techniques; Plant processing; Starch; Tubers.
RESUMEN
TAFONOMÍA EN LA COCINA: PRÁCTICAS CULINARIAS Y RESIDUOS DEL PROCESAMIENTO DE PLANTAS 
TUBEROSAS NATIVAS DE LOS ANDES CENTRO-SUR. Presentamos material comparativo para la identificación 
de residuos culinarios de tubérculos cocidos de Solanum sp., Oxalis tuberosa y Ullucus tuberosus. Partimos de 
un concepto amplio de tafonomía que incluye el estudio de las modificaciones de las plantas resultantes de la 
preparación de alimentos; en este caso, aquellas que se deben al hervido y cocción al rescoldo de tubérculos 
frescos. Realizamos experimentos de cocción controlados y comparamos los resultados con muestras frescas. 
Describimos las modificaciones en los atributos morfológicos y ópticos de tejidos y partículas intracelulares 
resultantes de nuestros experimentos de cocción. Finalmente, discutimos la posibilidad de reconocer las técnicas 
de cocción a partir del análisis microscópico de vestigios de tubérculos.
Palabras clave: Tafonomía; Técnicas culinarias; Procesamiento de plantas; Almidón; Tubérculos.
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differential preservation in archaeological contexts, so 
that they can be genuine sources of archaeological 
information (Lewarch and O’Brien 1981; Borrazzo 
2006). We are particularly interested in assessing how 
such a perspective can inform our interpretation of past 
human practices. Thus, we consider the modifications 
of plants’ useful parts associated with different methods 
of food preparation, which condition the appearance 
and integrity of such food remains as recovered from 
archaeological contexts. Such modifications can 
be explained in terms of different physico-chemical 
processes that affect the structure and the properties 
of starch and other vegetable intracellular particles, 
and histological elements (Babot 2003). Previous 
work has demonstrated the utility of taphonomic and 
experimental approaches to the macroscopic and 
microscopic analyses of the modes and procedures 
for preparing animal or vegetable foods (e.g., González 
and Frère 2004; Gong et al. 2011; López et al. 2011; 
Lovis et al. 2011; Raviele 2011; Babot et al. 2012 and 
references therein; Lantos et al. 2012). In particular, 
our approach focuses on the micro-morphological 
characterization of such modifications.
In this study, we characterized the anthropic/
culinary modifications of micro-particles and tissue 
fragments in different varieties of tubers of three 
genera, which allowed us to formulate expectations 
for archaeological cases. Thus, the various stages of 
investigation aimed to: 1) characterize fresh tissues of 
different varieties of potato, oca and ulluco, since these 
are ingredients in traditional culinary preparations and 
recipes; 2) observe how aspects of the fresh tissue 
of potato, oca and ulluco change or disappear as 
a consequence of two traditional food preparation 
methods (boiling and cooking al rescoldo until 
completely cooked), and identify which new elements 
appear in processed foods, explaining these on the 
basis of the physico-chemical processes involved; and 
3) compare the two sets of observations to identify 
taphonomic signatures of these culinary practices in 
archaeological situations.
 
THE TAPHONOMY OF MICROFOSSILS
Current Perspectives
The taphonomic study of plant microfossils 
and their archaeological associations is a versatile 
approach. Some taphonomic researches focus on the 
ways various biological (e.g., soil fauna and roots) and 
environmental agents (e.g., pH, moisture and temperature 
conditions, salt precipitation and transport) alter the 
microfossil record and affect its survival and integrity 
(Therin 1994; Hart 2003; Humphreys et al. 2003; Haslam 
2004; Barton and Matthews 2006; Osterrieth et al. 
2013; Musaubach and Babot 2014, among others). 
A TAPHONOMIC APPROACH OF CULINARY 
TRANSFORMATIONS
 This work is part of a series of studies initiated 
over a decade ago (Babot and Korstanje 2001; Babot 
2003), aimed at generating comparative material 
for identifying plant processing techniques from 
microscopic analysis of preserved residues of plants 
native to the south-central Andes. It is worth noting 
that the transformations and agents involved in such 
preparations (e.g., cooking) go beyond the scope of 
food, as medicinal or ritual uses can also be important. 
Thus, although the perspective of this work is culinary, 
this is only circumstantial; the emphasis is on how 
techniques, as modes of transformation, affect matter 
(Pazzarelli 2012). 
This study deals with the cooking of tuberous plants 
of the genus Solanum L. (Solanaceae), “potatoes”; 
Oxalis tuberosa Mol. (Oxalidaceae), “oca” and Ullucus 
tuberosus Caldas (Basellaceae), “ulluco” or “papa 
lisa”. We began with an ethnobotanical approach that 
considers the traditional uses of plants in the south-
central Andean region and the various means by which 
tubers become food. We developed experiments to 
obtain tubers cooked al rescoldo and boiled tubers, 
which may themselves constitute simple foods, based on 
a single ingredient, or be part of complex preparations 
with other plant, animal and mineral ingredients.
We rely on a broad concept of “recipe” “[...] as 
a more or less flexible or open formula to achieve a 
preparation” (Babot et al. 2012: 242). The components 
of a recipe are its ingredients in relative amounts 
and combinations, the modes and techniques of 
preparation and service, the circumstances of its use, 
the implements required throughout the process, and the 
spatio-temporal context and the actors involved in the 
culinary performance (Babot et al. 2012). Of all these 
components, this paper deals with tubers as ingredients 
in recipes, and with methods of tuber preparation. 
Preparation sequences are not rigid or linear because 
a food element can be associated with multiple recipe 
pathways of different length and complexity (Babot 
2009). “So, when we refer to old recipes, we refer to 
approximations to the modes of preparing foods, rather 
than to strict and closed models of the ingredients, 
their preparation and presentation [...]” (Babot et al. 
2012: 241). 
The taphonomic study of food residues gives us a 
unique perspective on how plants, animals and minerals 
were transformed into food and their subsequent 
history to the point of archaeological recovery and 
analysis. According to the “unrestricted taphonomy” 
approach (Borrero 2011) we use a broad definition 
of the concept as the study of the decomposition “or 
modification” of organisms, their parts or products, and 
of the processes leading to their accumulation and 
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would follow an opposite tendency to that of use. 
Hence, precautions taken during sample extraction 
and the criteria used to interpret manufacture, use and 
context are very important (Babot and Haros 2008; 
Zucol and Loponte 2008; Hart 2011). The exchanges, 
gains, losses and modifications of material that occur at 
the interfaces between object, use residue and matrix 
must be considered, including other processes that may 
occur between the time archaeological remains are 
extracted and analytical data are obtained. Sometimes, 
burial conditions can promote the preservation of 
residues, degradation byproducts and new products 
resulting from interactions with the sedimentary 
matrix (Jones 2009). This applies to different types of 
elements contained in the residues, whether chemical, 
histological or intracellular.
In this regard, we consider that interpreting the 
nature of a residue requires knowing the particular 
history of the object under analysis. In other words, a 
residue could indicate 1) the last recorded use of an 
artifact (Haslam 2006), or 2) successive use episodes 
recorded in the stratification of the remains (Musaubach 
and Beron 2012), or 3) random averaging (in a broad 
sense rather than referring to statistical significance) 
resulting from repeated use, partial cleaning between 
successive uses, differential decay of components and 
exchanges between the environment, the object’s mass 
and the residue, plus laboratory treatments (Babot 
2007; Babot et al. 2012). 
 
A taphonomic approach to plant microfossils 
and anthropogenic manipulations
A small number of studies have discussed the 
transformation of tissues and intracellular particles 
resulting from anthropogenic manipulation of plants. 
Examples include the identification of striae on the 
surface of silica phytoliths obtained during threshing of 
silica-rich taxa (e.g., European grains); the transformation 
of calcium oxalate crystals into calcite pseudomorphs, 
which occurs during combustion (Juan-Tresserras 
1992); the fracture of biosiliceous particles as a result 
of activities such as grinding (Checa et al. 1999); and 
the tearing and disarrangement of plant fibers during 
mastication (Musaubach and Babot 2014). The formation 
of new products during cooking (e.g., micro-charcoals 
and particle clumps) has also been documented (Babot 
2003; Tassara and Osterrieth 2008, among others).
Starch is one of the most studied intracellular 
particles, both in archaeology and other fields. 
Analyses of the physico-chemical processes that can 
alter starch have a long history, linked initially to 
biological and food industry interests (e.g., Radley 
1943; Whistler et al. 1984). These studies have 
addressed aspects including starch grains’ loss of 
structure and birefringence properties through contact 
These studies also consider humans, through the 
manipulation of the natural environment, as an agent of 
transformation, since they can modify plants and their 
microfossil remains through residential use of certain 
places, agriculture, or burning (Therin 1994; Parr et al. 
2008; Osterrieth et al. 2009, among others). These kind 
of taphonomic researches have focused on analysis of 
biosiliceous particles, calcium phytoliths and starch 
from the perspective of paleoecological, pedological 
and archaeological problems. Previous work has also 
included study of the effects of different laboratory 
manipulations on the integrity and composition of 
microfossil assemblages that are ultimately observed 
under the microscope. Many of these recent studies 
also involved revision of sample extraction and treatment 
protocols with particular attention to archaeological 
applications (Babot and Korstanje 2001; Coil et al. 
2003; Korstanje 2003; Babot 2007; Korstanje and 
Babot 2007; Torrence and Barton 2007, etc.).
Other taphonomic studies closely related to the 
analysis of use residues on archaeological artifacts 
assess the survival rates and prospects of starch -one of 
the main microfossils useful for these purposes- under 
different conditions of entrapment, depth, sediment 
compaction and exposure, and considering the passage of 
time according to the nature of the processed substance 
(Lu 2003; Babot and Bru de Labanda 2005; Barton 
and Matthews 2006; Langejans 2010, among others). 
The potential for post-depositional contamination has 
also been discussed (Barton et al. 1998). Related to 
taphonomic studies but following different approaches 
are archaeologically or bromatologically inclined 
histological studies designed to understand the 
feasibility and reliability of identifying plant tissues 
exhibiting different degrees of fragmentation and 
preservation (Pochettino and Scattolin 1991; Cortella 
and Pochettino 1994).
We are optimistic about the possibility of obtaining 
archaeological information from taphonomic and 
contextual approaches and we consider residues 
(meaning remains in general, rather than a priori use 
residues) as dynamic systems that can provide data 
about use, the contemporaneous context for such 
use, processes subsequent to deposition, and the 
manufacture of associated artifacts (the latter when 
microfossils are included in the artifact raw materials) 
(Babot and Haros 2008; Hart 2011; Babot et al. 2012). 
Thus, when considering plant residues located on 
an artifact or in an archaeological matrix, it would 
hypothetically be possible to identify interfaces. In the 
first case, such interfaces would be artifact/residue/
sediment matrix after deposition, where the microfossil 
“signal” attributable to the raw materials would decrease 
from the artifact mass to its surface; the “signal” related 
to use would decrease from the surface of the artifact 
to the sediment matrix, and the “signal” of the matrix 
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on the same individual starch granule or on different 
granules within a sample. 
Damaged starch grains are more susceptible to 
hydrolytic agents and fungal and bacterial activity than 
well-preserved starch. This is attributed to infiltration 
of the grains’ interior via cracks associated with the 
damage (Radley 1943; Cortella and Pochettino 1994) 
and to structural weaknesses resulting from physico-
chemical changes to the granules. However, research 
on ancient starch has shown that it is possible to 
recover damaged grains from both modern and 
archaeological contexts, as this carbohydrate’s pseudo-
crystalline structure survives the passage of time even 
when damaged.
Ancient starch analyses with a taphonomic 
perspective have increasingly focused on damaged 
starch grains (alongside those recovered intact), 
as well as the natural and cultural causes of the 
observed changes. In addition, appropriate and specific 
terminologies for the description of alteration processes 
and damage have been adopted (Babot 2003; The 
International Code for Starch Nomenclature [ICSN 
2011]), referring to the so-called modified starch (sensu 
Samuel 2006; ICSN 2011). This category and one 
referred to as resistant starch1 have been distinguished 
from native starch, which refers to unaltered grains. 
Such studies have recognized certain traits that have 
a taphonomic rather than taxonomic origin, and 
have proposed that damaged starch is a source of 
information regarding cultural practices and post-
depositional processes. Damage patterns have also 
been used to evaluate contamination by assessing 
the coherence between the types of damage and the 
archaeological context from which the starch was 
recovered (Babot 2003).
Previous publications have proposed descriptors for 
modified starches, but when studying human practices 
we suggest it is possible to rank those descriptors by 
grouping them following hierarchical categories: a) 
techniques: modes of transformation implemented 
by humans; b) agents other than humans -the latter 
included in a- ; c) physico-chemical processes 
triggered by human activities and their results or the 
final state of the mass of material processed, and, 
finally, d) morphological and optical damage and 
modifications or changes that are verified in starch 
grains within the mass (Table 1). Following Lyman’s 
(1994) terminology, applied techniques and resulting 
physico-chemical processes constitute taphonomic 
processes, where the taphonomic agents are the 
physical, chemical and biological factors involved 
in the transformation of grains. In this case humans 
are the default participants in technical manipulation. 
Finally, the taphonomic effects are the results of 
these processes and the specific patterns of damage 
and changes that may be identified histologically and 
with caustic chemicals, heat in the presence of water, 
the action of enzymes during seed germination, and the 
sprouting of underground organs. The first applications 
of this knowledge to archaeological situations were 
related to questions about food, particularly brewing, 
grinding and boiling of starchy plants (e.g., Juan-
Tresserras 1992; Loy 1994; Checa et al. 1999). These 
studies, along with the work of Babot (2003), Beck 
and Torrence (2006), Fullagar (2006), Samuel (2006), 
Henry et al. (2009), Gong et al. (2011) and Crowther 
(2012), are directly related to our research, as they 
consider the effects past anthropogenic manipulation 
of plants had on their starches. Babot’s (2003) research 
aimed to develop modern comparative standards for 
application to archaeological cases (Babot 2009; Babot 
et al. 2012, etc.), and has focused on the optical and 
morphological effects of various processing techniques 
on starch (e.g., aeration, sun drying, toasting, ashing, 
freezing, desaponification/washing -i.e., removal 
of saponins-, and grinding). Babot’s research also 
includes recognition of various cooking practices from 
starchy residues. Beck and Torrence (2006) considered 
the paths of starch when used for different purposes 
in various cultural contexts. Fullagar (2006) evaluated 
the role of experiments in the functional assessment of 
archaeological artifacts, and Samuel (2006) discussed 
various ways in which modified starch has been 
preserved, including bread and yeast residues. Henry et 
al. (2009) documented the progression of starch damage 
due to the baking, boiling, drying, and fermentation 
of domesticated legumes and grass seeds, and found 
boiling to be the most harmful cooking technique for 
starch. Gong et al. (2011) studied food remains from 
exceptionally well preserved mortuary offerings, and 
developed experiments to aid identification of culinary 
preparations. Crowther (2012) discussed the influence 
of moisture on starch during cooking.
These studies of cultural manipulations have 
shown that, although they are modified, starch and 
other intracellular elements can survive multiple food 
preparation processes. Drying, heating, the breaking 
down of tissues by trampling and friction, and the 
formation of ice crystals, all generate physico-chemical 
changes in those particles, modify their completeness 
and degree of crystallinity, and produce optical and 
morphological changes in some grains (Babot 2003). 
While the damage caused by different food processing 
techniques may look similar, and although sometimes 
the same process can alter the starch from different 
biological sources in different ways (Babot 2003; 
Henry et al. 2009), it has been shown that, in general, 
distinct damage patterns seem to result from different 
processes (Babot 2003). Also, it has been documented 
that the more intense the process, the greater the 
severity of the damage. In addition, it is sometimes 
possible to infer the consecutive stages of processing, 
which are present as damage patterns superimposed 
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described in morphological and optical terms (Table 
1). Thus, for example, what we observe as a paste 
or a mixture of cooked food that includes resistant 
and modified starch “damaged in various ways” is 
a modification due to the retrogradation that occurs 
when boiled dough is left to rest, or a modification due 
to the melting by heating in a medium with low water 
content (Radley 1943; Johnson et al. 1990).
The two main physico-chemical processes we address 
in this paper, gelatinization and melting, are described 
in previous works. The effects of heating in a wet 
medium have been studied extensively, especially for the 
generation of baseline information on the properties of 
starch for industrial purposes. It leads to a non-reversible 
process called gelatinization (Radley 1943). 
For dry heating or for heating with low moisture 
content, we consider the “dry-cooking series”, toasting/
cooking al rescoldo/cooking on embers/roasting/
charring2, wherein the relative intensity of the heat 
and, therefore, the thermal alteration of the granules, 
increase from toasting to charring (Radley 1943; Babot 
2003). Direct contact with the heat source differentiates 
roasting, charring and cooking al rescoldo from 
toasting and cooking on embers, with heat contact 
being indirect in the latter. 
PROCEDURES AND MATERIALS
Tuber samples were obtained from traditional vending 
stalls in Jujuy Province (Argentina) in 2010 and 2012 
and Villazón (Bolivia)  in 2012. We obtained 19 ethno-
varieties of potato (Solanum L.), 4 of oca (Oxalis tuberosa 
Mol.) and 3 of ulluco (Ullucus tuberosus Caldas), all from 
rural areas. Here we selected 10 varieties of potato, 
2 of oca and 1 of ulluco, which were sampled and 
processed for culinary purposes. The purpose of using 
different ethno-varieties was to assess whether there were 
variations if different kinds of potatoes were subjected to 
different processing techniques, particularly since they 
could have been used in different traditional culinary 
practices (Castro 2008). 
In all ethno-varieties, cortex and periderm were 
sampled separately from the vascular parenchyma and 
medullary tissue. Cortex and periderm were separated 
under the assumption that they were part of the 
“shell” that was eventually removed or peeled prior to 
consumption, while the parenchyma and the medullary 
tissue constitute the soft part intended for consumption. 
Three types of samplings were used for the fresh 
tubers to obtain reference material: 1) soft scrapings 
and histological cuts done freehand with a scalpel to 
obtain thin sections (Babot 2007), 2) diaphanization 
(a technique in which the 
tissue is treated with an 
oxidizing agent to make 
i t  t ransparent  whi ls t 
retaining fabric), and 3) 
dry ashing (Piperno 1988). 
Some washing of the ash 
material was incorporated 
as well to assess tissue 
loss by this procedure. 
The first two sampling 
techn iques  p rov ided 
references regarding tissue 
appearance and various 
elements of tissues, such 
as ergastic substances 
(starch, cellulose and 
crystalline calcium salts), 
of interest to archeology 
because they survive 
as microfossils. These 
procedures allowed us 
to observe intact tissue 
and fragments in different 
stages of disintegration, 
as well as free cells and 
intracellular elements. 
Controlled diaphanization 
at temperatures below 
10°C thinned the material 









Morphological and optical modifications 
Taphonomic effects 












Loss of defined shape and structure 
manifested in the swelling, bursting, hilum 
opening and projection of grains, loss of 
birefringence (Babot 2003), and the presence 
of exudates (Messner and Schindler 2010), 
collapsed (Williams and Bowler 1982) or 
emptied grains (ghosts) (Radley 1943) 
Rest of the boiled mass 
after cooking 
(chemical) 




(Jacobson et al. 
1997) – Retrograded 
material or paste 
Formation of pastes (Biliaderis 2009), in 
which damage and modifications related to 
gelatinization can be observed 
Heating in medium 
with low moisture 
content (chemical) 








2009). Irreversible – 
Melt or paste 
Loss of the structure manifested in the 
formation of pastes (Biliaderis 2009), 
projection and/or opening of the hilum in 
grains, loss of birefringence (Babot 2003) 
Hydration, dehydration 
in cold (chemical) 
 









1943). Reversible  – 
Hydrated or 
dehydrated material 
Swelling (Williams and Bowler 1982) or 
shrinkage (Radley 1943) of the grains, 
increase or decrease of the relief (e.g., flat 
relief) and of the birefringence and the 













Irreversible  – 
Disaggregated 
material 
Grains in different states of disaggregation  or 
disarrangement, with presence of physical 
discontinuities such as fracture, truncation, 
cracking; surface damage such as depressions 
or dents (Babot 2003) and collapse (Williams 
and Bowler 1982) 
Freezing (mechanical) 
e.g.: making chuño, a 
dehydrated form of 
potato obtained by 
freeze-drying (Pardo 










Irreversible  – 
Dehydrated material 
Presence of physical discontinuities of the 
grains such as breakage and cracking, 
fragmentation (Babot 2003), collapse 
(Williams and Bowler 1982), emptying 
(ghosts) (Radley 1943), decreased relief (e.g., 







Irreversible   
Loss of structure manifested in the presence of 
pitting (French 1984; Juan-Tresserras 1992), 
deep grooves and corrosion (Reichert 1913) 
Table 1. Techniques, agents, physico-chemical processes and results, and morphological 
and optical modifications relevant to the study of human manipulation of starchy substances.
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Dry ashing allowed for recovery of the silicified tuber 
tissues. Due to the low proportion of silica produced 
by these plants, after the first trials, we avoided to wash 
ash samples because doing so results in a significant 
loss of material.
Cooking experiments included: a) boiling until 
cooking was complete, transforming the starch-rich 
parenchyma and medullary tissue by heating it to boiling 
in a humid medium with sufficient water; b) cooking al 
rescoldo (in direct contact with embers and ashes) until 
cooking was complete, transforming tissues by heating 
them at moderate temperature in a dry medium or in the 
presence of tuber residual moisture. Cooking enables 
consumption, increases energetic value of tubers and 
eliminates the causes of indigestion (Wandsnider 1997).
Boiling was performed using a stove; tubers were 
placed in a metal container filled with potable water 
to avoid contamination. Unpeeled tubers were boiled 
separately, reaching an average of 99ºC during the 
time needed to soften the parenchyma and medullary 
tissue (between 15-20 minutes). Tubers started to loss 
their peel and stain water before completely cooked. 
Pink oca stained the water and started to loss their peel 
after 15 minutes in the boiling water. Nine minutes 
later it was completely cooked. White oca lost their 
peel at 17 minutes and started to smell like boiled 
sweet potato. Eight minutes later it was completely 
cooked. Ulluco took 19 minutes to begin staining the 
water, losing a minimal amount of peel. Two minutes 
later was completely cooked. Potatoes took 24 minutes 
to cook completely.
Cooking al rescoldo was done in a backyard 
fire. The fire was started with quebracho blanco 
(Aspidosperma quebracho-blanco Schltr.) wood. Red 
hot embers were produced and gradually covered 
with ash, at which point the charcoal was not as 
hot as in its red-hot state. A layer of embers and 
ashes was dispersed on the firebrick floor. Whole, 
unpeeled tubers were set over the embers and ashes 
and exposed to the heat source until the parenchyma 
and medullary tissue were softened, simulating the 
effect of placing tubers on the periphery of an active 
fire. This is a dry-cooking technique different from 
others such as toasting, cooking on the flame or on 
embers with a grate, or in ovens. Cooking on the flame 
involves direct contact of food with the heat source; 
placing a grate between the food and flame or red-hot 
embers separates food from the heat source. Toasting 
requires an intermediate object (e.g., a stone or vessel) 
to avoid direct contact with fire and buffer heat 
(Pazzarelli 2012). Cooking al rescoldo is a moderate-
temperature procedure traditional in northwestern 
Argentina, where food is put into embers and ashes, 
coming into direct contact with the heat source. In 
our experiment, cooking al rescoldo took between 10-
15 minutes depending on the type and size/form of 
the tuber and degree of exposure to the heat source. 
Ocas cooked most quickly, followed by ullucos and 
longer/thinner potatoes and, finally, thicker potatoes. 
During this process the tubers were not covered, so 
the periderm was carbonized where directly in contact 
with embers. Differences in the humidity of the cooked 
mass were observed in areas near carbonized and non-
carbonized periderm. Oxygen and temperature might 
have fluctuated between the periphery and the center 
of the ember and ash layer within the range of 100-
200ºC. Quebracho blanco provided a strong, slow, 
constant and non-sparking charcoal combustion, with 
low ash production. 
Boiled tubers and those cooked al rescoldo were 
wrapped in aluminum foil and refrigerated until 
sampling was complete. Sampling followed the same 
procedures used for fresh specimens (see above). Fresh, 
dry-ashed and cooked specimens were mounted on 
slides for viewing and photographing using a polarizing 
microscope (200X to 630X). Assemblage analysis 
focused on the various histological elements and 
intracellular particles present. 
Characteristics recorded for fresh samples include: 
cell shape in two- and three-dimensions, arrangement 
of tissue cells (tiled, linear, concentric, etc.), color with 
and without polarizer, birefringence, cell size, presence 
of conduction elements and their characteristics, 
presence of cellulose in the cell walls; presence, kind, 
shape, color, presentation and location of calcium salt 
bodies within the tissues (isolated, grouped); and the 
occurrence of starch in the reserve parenchyma and 
the medullary tissue, and its disposition (isolated, 
in clusters, massively filling the tissue). The same 
characteristics were observed in food samples, with 
special attention to the features preserved, modified, 
and originated from culinary practices. In the case of 
native and modified starches, the specific variables 
summarized in the ICSN (2011) and previous studies 
were recorded (Korstanje and Babot 2007 and 
references therein; Henry et al. 2009). As mentioned, 
rather than a detailed description of individual starch 
grains, the presence of various attributes was confirmed 
(Table 1). Observations proceeded from questions 
such as: What is the general state of preservation of 
the intracellular particles and tissues in our samples? 
What is the degree of alteration? How does alteration 
vary with cooking techniques and their relative 
“aggressiveness”? Have the integrity, visibility, shape, 
size, color, spatial arrangement, optical properties or 
textures of tissues, cells and ergastic substances been 
altered? If so, how? Have any elements or distinctive 
features of fresh tissues disappeared? Have any new 
elements arisen as a result of processing? Finally, 
we compared the two sets of observations, which 
allowed us to generate expectations for documenting 
foods made  from potatoes, oca and ulluco based on 
archaeological residues (Tables 2 and 3).
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 Characteristic microscopic features on periderm and cortex from tubers 









Turgid tissue, transparent, with 
mosaic-like fabric, tight or dense 
with straight-sided polyhedral 
cells, occasionally rounded 
General preservation of the original fabric of the 
tissue. Deformation and fragmentation by sections, 
with presence of net cracks and folds. Thermal 
alteration varies between complete carbonization 
and mild impact by heat. Dehydration and 
shrinkage; loss of relief and aging. Greatly affected 
tissues become brittle and in particles 
Preservation of original tissue structure by sections. 
Tissue fragmentation and intense cracks in the form of 
tears and joined cell fragments; presence of folds in 
tissue fragments. Distension, loss of turgor of the 
tissue with increased apparent size. Thinning of the 
tissue and loss of relief 
Transparent tissue Opaque tissue, slightly translucent or transparent 
according to the effect of heat 
Transparent and diaphanous tissue 
Non-birefringent and colorless 
tissue, or heterogeneously colored, 
depending on variety 
Staining of the tissue in brown-reddish tones until 
reaching black in carbonized sections. Loss of the 
original color. In oca, all tissues appear birefringent 
under polarized light 
It can vary between color preservation, partial loss of 
color in parts of the tissue, or preservation of parts 
with watery or diluted coloration (brown-reddish 
tones). In oca, all the tissues appear birefringent 
C
E Thickened cell walls with thick 
birefringent cellulose enrichments  
The birefringence of cellulose is preserved or 
emphasized 









 Sections of the tissue with 
intracellular deposits of amorphous 
silica (polyhedral or globular cells 
and vessel elements) stand out due 
to their higher profile 
Colorless silicified tissues (silica phytoliths) with 
gray-black hues detached as a result of the thermal 
alteration. If not detached, they stand out from the 
surroundings due to their higher relief 
Colorless silicified tissues (silica phytoliths) with gray 
hues detached as a result of the thermal alteration. If 
not detached, they stand out from the surroundings 






Polyhedral, tabular druses, crystal 
sand and subrounded discoid or 
globular particles. Scattered in the 
tissue or grouped in the 
intracellular space 
Crystals very clearly observed in situ or detached 
from the tissue. They look unaltered; their 
birefringence is retained or accentuated. Eventual 
partial melting of the crystalline surface 
Crystals very clearly observed in situ or detached 
from the tissue, located close to the cell walls or 
completely expelled from the tissue. They may look 
unaltered. Evidence of partial melting. New clumps of 








- Clumps of organic matter isolated or attached to the 
tissue, with a matrix of unctuous appearance colored 
in brown-reddish tones, in which crystals and 
occluded micro-charcoal stand out (verified in 
extensive sections, or in particles) 
- 
- Massive carbonization by sections (outer areas of the 
tubers) and presence of micro-charcoal abundantly 
distributed throughout the tissue 
Micro-charcoals or carbonized tissues were not 
observed 
 Table 2. Characteristic features of the periderm and cortex of fresh and boiled tubers, and tubers cooked al rescoldo. Note: 
CE= Cellulose.
  Characteristic microscopic features on parenchyma and medullary tissue from tubers 









Turgid tissue, transparent and 
dense with polyhedral and 
globular cells with thin walls  
Tissues remain structured; cells remain close 
but not attached to each other, or completely 
detached and with a globular appearance. 
Dented and rough surface of cells, contracted, 
cracked, with lower relief. Although 
dehydrated, some degree of turgor persist; 
some cells are partially or fully collapsed 
Tissues remain structured; cells remain close but not 
mutually attached, or are disaggregated and dispersed 
with a globular appearance. Distension, loss of turgor or 
firmness. Cells with cracks and fractures, partially or 
totally collapsed, depending on the preservation of their 
content 
Colorless to slightly brown-
grayish tissue  
Colorless to slightly brown-grayish tissue is 
maintained. 
Colorless to slightly brown-grayish tissue is maintained. 
Tissues became diaphanous. A staining of the tissue may 
occur in watery or diluted brown-reddish hues 
C
E 
Cells with thin cellulose walls  The cellulose thickenings are preserved, and 
their birefringence stands out in some cases. 
This element highlights the fabric of the tissues 
The cellulose thickenings are preserved, and their 
birefringence stands out in some cases. This element 





Closely packed cells, filled 
with birefringent starch grains  
The starch content is completely absent, giving 
the tissue an empty appearance, or the starch 
content is in different stages of the melting-
gelatinization process. The birefringence 
varies depending on the situation. There are 
exudates of amorphous starch within and 
outside of the tissues 
The starch content is completely absent, giving the tissue 
an empty appearance, or the starch content is in different 
stages of the melting-gelatinization process. The 
birefringence varies depending on the situation. There are 
exudates of amorphous starch within and outside of the 
tissues 
Supernumerary simple starch 
grains 
Amorphous starch masses dominate in the 
interior of the tissue. Occasional clumps or 
isolated individuals of modified starch with 
damage due to heating (open hilum, darkened 
sections, peripheral cracks and damage to the 
extinction cross and the birefringence). Little 
to no presence of unaltered resistant starch 
Amorphous starch masses dominate in the interior of the 
tissue. There is unaltered resistant starch as isolated and 
scarce grains, and grains of modified starch in individual 
gelatinization process of (open hilum, damage to the 
extinction cross and birefringence, longitudinal cracks) 
forming clumps associated with starch exudates 
C
R 
Calcium crystals dispersed in 
the tissue 
Crystals preserve their location in the tissue. 
Expulsion events of crystal clusters and 
microcrystals into the intercellular space 
Crystals preserve their location in the tissue. Expulsion 




Dense clusters of vessel 
elements, birefringent, 
silicified or not 
They are preserved unaltered within or outside 
the tissue  
They are preserved unaltered within or outside the tissue 
Table 3. Characteristic features of the parenchyma and the medullary tissue of fresh and boiled tubers, and tubers cooked al 
rescoldo. Note: CE = Cellulose; CR = Crystals; VR = Vessel elements; NP = New products.
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 RESULTS
Description of fresh tuber specimens
Periderm and cortex tissues are turgid and present 
a tight or dense mosaic-like fabric of polyhedral cells 
(Figure 1; Table 2). The tissue is non-birefringent -with 
the exception of periderm cell walls that are cellulose 
enriched- and either colorless or colored by sections 
(Figure 1a-b).  The 
presence of calcium 
salt crystals (primarily 
c a l c i u m  o x a l a t e ) 
is  variable (Figure 
1).  They occur as 
polyhedra in oca and 
ulluco (Figures1 i-n, 
p-r); tabular druses and 
crystal sand in oca, 
ulluco and Solanum 
(Figure 3o-p); and flat, 
rounded or globular 
particles in Solanum 
(Figure 1h). 
Parenchymal and 
fresh medullary tissue 
cells are polyhedral 
and globular, with 
thin and less cellulose-
enriched membranes 
than the periderm. 
They  a re  c lo se l y 
packed and contain 
numerous starch grains 
of the type described 
p r e v i o u s l y  ( e . g . , 
Korstanje and Babot 
2007 and references 
therein), completely 
filling reserve tissue 
(Figure 5u, Table 3). 
Abundant  ca lc ium 
crystals are observed 
in ulluco and oca 
parenchyma (Figure 
7i-n);  in Solanum , 
c rys ta l  abundance 
depends on the variety 
(Figures 4c, e and 5e-
f). Dense clusters of 
birefringent conducting 
elements are observed, 
e spec ia l l y  in  the 
section corresponding 
to the vascular ring 
(Figures 5a-b and 7f-g).
 
Description of tuber specimens cooked al 
rescoldo
Carbonized or highly thermally altered sections 
of the periderm and cortex appear opaque to slightly 
translucent under the microscope. The internal structures 
and content of some tissues are difficult to observe, 
but in other sections, birefringent elements stand out 
well (Figures 2d-f, o-r and 3k-m; Table 2). Parts of the 
Figure 1. Appearance of the fresh periderm and cortex of: a-h) Solanum, i-n) Oxalis tuberosa 
and o-r) Ullucus tuberosus. a-b) Pentaoca, c-d) Abajeña, e-f) Huanco Suyo, g-h) Solanum 1a, i-l) 
Pink oca, m-n) White oca, o-r) Ulluco. The contiguous twin micrographs correspond to views with 
parallel (left) and crossed (right) nicols of the same tissue.
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tissues that were not in direct contact with fire are 
less thermally altered (Figure 2a-c, h-I). Silicified parts 
stand out from the tissues around them due to a higher 
relief than the periphery. Occasionally, they appear 
as isolated polyhedral or globular siliceous particles 
(Figure 3k, g-h). Some deformation, fragmentation, 
crack and folds are observed, but this kind of damage is 
less pronounced among tubers cooked al rescoldo than 
among those that were boiled (Figures 2c-d, p). Tissues 
significantly affected 
b y  h e a t  b e c o m e 
brittle, dehydrated and 
shrunken. They are 
stained reddish-brown 
to black (in carbonized 
a r e a s ) ,  w h i c h 
accentuates surface 
irregularities regardless 
o f  t h e  o r i g i n a l 
periderm color. Micro-
charcoals are abundant 
throughout the tissue; 
some of them are still 
recognizable in the 
inner layers (Figures 
2a-c, h-i, k-n, g and 
3d-f, j, q). Typically, it 
is possible to observe 
isolated clumps, or 
clumps attached to 
the tissue, within an 
unctuous,  reddish-
brown matrix, against 
which crystals and 
o c c l u d e d  m i c r o -
charcoals stand out. 
This pattern occurs 
in both extensive and 
restricted sections of 
tissue (Figures 2g-h, 
k-n and 3d-f, g-h, q). 
Cell wall cellulose 
b i r e f r i n g e n c e  i s 
retained or increased. 
In the cells of oca, 
b i r e f r i n g e n c e  i s 
w i d e s p r e a d ,  n o t 
restricted to cellulose 
accumulation (Figure 
3n, r) .  Conducting 
t i s s u e s  r e m a i n 
unaltered. Calcium 
crystals also remain 
la rge ly  una l te red , 
a l t h o u g h  t h e i r 
birefringence stands 
out (Figures 2r and 
3n, p). In a few cases, partial melting of the druses’ 
crystallites is observed (Figure 3i).
Parenchyma and medullary tissues may retain their 
original structure. In other cases, cells remain close 
without completely attaching to each other, or are 
entirely detached. Their surfaces are dented, rough, 
contracted, cracked, and have lower relief than fresh 
internal tissues (Figures 4-5; Table 3). Despite being 
Figure 2. Appearance of the periderm and cortex cooked al rescoldo of: a-o) Solanum sp. and 
p-r) Ullucus tuberosus. a-c) Desireé, d-i) Abajeña, j-n) Malcacha, o) Huaico potato, p-r) Ulluco. 
The contiguous twin micrographs correspond to views with parallel (left) and crossed (right) nicols 
of the same sample.
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dehydrated, they retain a degree of turgor, though some 
are partially or fully collapsed (Figure 4a). Starches are 
in the process of melting/gelatinization (Figures 4e-g, 
j, o-r and 5o-p, s-t) or absent, giving the tissue the 
appearance of being almost totally empty (Figure 4c, 
i). Clumps (Figure 5s-t) and isolated grains of modified 
starch with damage from dry-cooking are occasionally 
observed (Table 3) (Figure 5g-j, m-n), and unaltered, 
resistant starch is scarce or virtually absent (Figure 
5c, k-l). The birefringent cellulose of cell walls is 
retained. Although the 
crystals can maintain 
their location within 
the t issues (Figure 
4c, e) ,  clusters of 
multiple crystallites 
are often found in the 
intercellular spaces due 
to their expulsion from 
the interior of the cells 
(Figure 5e-f). Vessel 
elements are preserved 
u n a l t e r e d ,  w i t h 
high birefringence, 
appear ing i sola ted 







its configuration and 
original morphology 
in  some por t ions , 
a l though  the re  i s 
more fragmentation of 
the tissue than when 
cooking al rescoldo 
(Figure 6, Table 2). 
Highly fragmented, torn 
or folded sections are 
observed (Figures 6c, 
m-r). In general, boiling 
causes distension, loss 
of tissue turgor, an 
increase in size, and 
loss of relief. Tissues 
become transparent 
and noticeably thinner 
(Figure 6a-f). Colorless 
to gray silicified tissue 
and isolated polyhedral 
cells can be seen. If not 
detached, they stand 
out from surroundings 
tissues due to their higher relief (Figure 6e-f). A watery 
or diluted pigmentation remains unaltered or lost by 
sections in periderm cells (Figure 6e-f, I, m). Brown 
to reddish staining can appear by sections (Figure 6p). 
Birefringence of thickened cell wall cellulose is retained 
(Figure 6j, l, n, r). In pink oca, this phenomenon is 
widespread, as with cooking al rescoldo (Figure 6g). 
Calcium crystals may be unaltered and retain their 
position in the tissue (Figures 6m, q-r) or be released 
into the inter- or extracellular space (Figure 6k, q-r). 
Figure 3. Appearance of the periderm and cortex of Oxalis tuberosa cooked al rescoldo. a-j) White 
Oca, k-s) Pink Oca. The contiguous twin micrographs correspond to views with parallel (left) and 
crossed (right) nicols of the same sample.
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Occasionally, crystals are found melted, formed into 
clumps in which the individuals are not discernable 
(Figure 6j-k). No micro-charcoals or carbonized tissues 
are observed in the boiling specimens. 
 Globular or polyhedral parenchymal and medullary 
tissue cells with rounded edges are present in clusters 
–although not attached to each other-, or disaggregated 
and dispersed, and there are empty net spaces between 
them (Figures 7-8, Table 3). In general, there is a loss 
of turgor, and cells appear 
more distended than when 
cooked al rescoldo or 
fresh. In sections more 
affected by boiling, cells 
appear collapsed due to 
the partial or total loss of 
starch (Figure 7a-e and 8j-
k). There are cracks and 
fractures in the cell walls; 
the surfaces are rough 
or dented, resembling 
those of tissues cooked 
al rescoldo (Figures 7a, 
e and 8n, r). Increased 
transparency and areas 
with watery or diluted 
reddish-brown staining 
are observed (Figure 7i 
and 8b-e). Some nodular 
particles in the same 
tones are attached to 
tissue (Figures 7i-j and 8a, 
c). Discontinuous masses 
of gelatinized, amorphous 
starch are observed in the 
interior or exterior of the 
tissues (Figure 8g-h, j-k). 
Resistant starch occurs as 
scarce, isolated individual 
grains (Figures 7c-e, h 
and 8g-i, l). Modified 
starch is in the process 
of gelatinization (Table 
3), isolated (Figure 8n-
o, r-s), forming clumps 
of individuals that have 
lost their original shape 
(Figures 7a-b and 8p-
q), and associated with 
starch exudates within the 
tissues or expelled from 
them (Figure 8j-k). The 
survival of resistant starch 
and of partially gelatinized 
individuals is greater in the 
close proximity of cortex 
and periderm than in the 
parenchymal and medullary tissue. Vessel elements 
within the vascular parenchyma preserve their 
birefringence and structure forming dense packages 
with a persistent linear orientation (Figures 7f-g and 
8a, c-d, f). In some cases the crystals maintain their 
original location within the tissues (Figures 7i-j and 
8f-h) or are expelled from them to the inter- or extra-
cellular spaces (Figures 7k-n and 8m). Some are 
partially solubilized (Figure 7n).
Figure 4. Appearance of parenchyma and medullary tissue of Solanum sp. cooked al rescoldo. 
a-c) Abajeña, d-g) Desireé, h-i) Malcacha, j-k) Pentaoca, l-r) Huaico potato. The contiguous 
twin micrographs correspond to views with parallel (left) and crossed (right) nicols of the 
same sample.
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DISCUSSION AND CONCLUSIONS
 Experimental results indicate the potential for 
differentiating two cooking techniques: heating in 
humid and dry (or low moisture) environments. Based 
on previous studies, we expected these techniques to 
be similar in their effects on tubers since both involve 
the same agents of modification: heat and moisture. In 
the case of boiling, water is abundant in the cooking 
environment. By contrast, water is scarce but not totally 
absent in the “dry-cooking series” techniques. Among 
the latter, there is an increase in both the temperature 
gradient and exposure of the matter to temperature. 
While there are similarities in the effects of the cooking 
techniques reviewed, the abundance of water clearly 
leads to gelatinization, while its absence leads, in 
theory, to melting due to loss of starch humidity, 
although some degree of gelatinization is also possible.
Generally speaking, 
certain reactions are 
common among tubers 
cooked al rescoldo and 
those heated in a moisture-
rich medium, the latter 
being a more aggressive 
transformation technique 
that compromises the 
integrity of plant tissues 
and  pa r t i c l e s  t o  a 
corresponding degree. 
However, damage to the 
morphology and optical 
p roper t ies  o f  s ta rch 
caused by cooking al 
rescoldo is greater than 
that caused by toasting, as 
reported elsewhere (Babot 
2003) .  Such damage 
includes denaturation 
and a very low specimen 
count. In the case of 
cooking al rescoldo, this 
is influenced by the fact 
that plant matter is in 
direct contact with the 
heat source and subjected 
to higher temperatures 
t h a n  i n  t o a s t i n g . 
Although both groups 
of cooking techniques 
analyzed here cause 
s imilar  modif icat ions 
and damage, our results 
indicate that  cer tain 
characteristics can be 
used to differentiate them and also, to distinguish 
cooked from fresh samples. For them to be applicable 
in archaeological contexts, we need to evaluate the 
survival over time of the characteristics reported here.
The periderm and cortex generally survive and 
retain their original fabric. They react differently 
to cooking al rescoldo (characterized by reddish-
brown staining of tissues; unctuous clumps -isolated, 
or attached to tissue- with crystals and occluded 
micro-charcoals; contraction and tissue aging) versus 
boiling (characterized by diaphanous and thin 
material, partial preservation of the original watery 
color, tissue distension). However, the natural color 
of tuberous plants’ shell could be confused with the 
effects of cooking on color and mistakenly attributed 
to anthropogenic modification. In the external tissues, 
massive carbonization occurs by sections, and the 
presence of micro-charcoals distributed throughout 
the tissue occurs only with cooking al rescoldo. 
Figure 5. Starch grains, calcium crystals and conduction elements in parenchyma and medullary 
tissue cooked al rescoldo of: a-n) Solanum sp. and o-t) Oxalis tuberosa. Appearance of the 
fresh parenchyma and medullary tissue of Solanum sp. (Huaico potato) is in (u). a-c) Abajeña, 
d) Huaico potato, e-f) Desireé, g-n) Pentaoca, o-t) White oca. The contiguous twin micrographs 
correspond to views with parallel (left) and crossed (right) nicols of the same sample.
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Results obtained for the most external tissues are 
important for supplementing the data regarding the 
parenchyma and medullary tissue, where the starches 
are primarily located. While the latter are distinctively 
altered by particular processes and, therefore, play an 
important role in identifying anthropogenic processes, 
under certain circumstances they can be denatured or 
absent, making information about the periderm and 
cortex particularly relevant. Additionally, the periderm 
and cortex tissue can be preserved in archaeological 
contexts ,  both ins ide 
cooking containers where 
whole tubers were cooked 
and as discarded peelings 
(par t icular ly  those of 
bitter tuber varieties). The 
parenchyma and medullary 
tissue suffer greater damage 
than the periderm and 
cortex. Contraction occurs 
in cooking al rescoldo, 
whereas dis tension is 
observed with boiling. In 
the latter case, a diluted 
reddish-brown staining of 
the interior tissues may 
appear, as well as the 
occurrence of some nodular 
particles in the same tones. 
Observed starch alterations 
are consistent with those 
reported elsewhere, but 
a higher intensity of the 
modifications was verified 
when cooking al rescoldo, 
with respect to what was 
previously documented 
for toasting (Babot 2003). 
Despite the poor survival 
of s tarch as isolated, 
identifiable grains, both 
inside or outside the 
cooked mass, resistant 
starch specimens are more 
common in boiled tubers 
than in those cooked al 
rescoldo. Both techniques 
result in modified starch 
grains. Calcium crystals, 
conducting tissues and 
cellulose survive both 
techniques. Melted or 
d i lu t ed  c r y s t a l s  and 
crystals expelled from the 
tissues generally indicate 
manipulation in a medium 
with heat. Nonetheless 
these changes are more intense in the presence of 
water. Wet cooking is also more aggressive to cellulose 
than cooking al rescoldo. After cooking, cellulose 
allows excellent visualization of the original tissue 
fabric. Silica deposits, located in conduction and 
peridermal tissues and usually of little diagnostic value 
when taken alone, are not affected by the processes 
studied; on the contrary, they tend to stand out from 
the rest of the tissue, either in situ or detached from it.
Figure 6. Appearance of the boiled periderm and cortex of: a-d, g-l) Oxalis tuberosa, e-f) 
Solanum sp. and m-r) Ullucus tuberosus. a-d) White oca, e-f) Pentaoka, g-l) Pink oca, m-r) 
Ulluco. The contiguous twin micrographs correspond to views with parallel (left) and crossed 
(right) nicols of the same tissue.
48 M. P. Babot et al. - Intersecciones en Antropología - Special Issue 1 (2014) 35-53
Figure 7. Appearance of boiled parenchyma and medullary tissue of: a-h) Solanum sp. (Pentaoca) and i-n) Ullucus tuberosus. 
The contiguous twin micrographs correspond to views with parallel (left) and crossed (right) nicols of the same tissue.
No significant differences in changes produced 
by the processing techniques considered here were 
observed between the three types of tubers and their 
varieties. Thus, the expectations generated should apply 
to a large number of tuberous plants and potentially 
other resources as well.
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Figure 8. Appearance of boiled parenchyma and medullary tissue of Oxalis tuberosa. a-q) White Oca, r-s) Pink Oca. The 
contiguous twin micrographs correspond to views with parallel (left) and crossed (right) nicols of the same tissue.
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Finally, we must acknowledge that the daily 
character of kitchens and food preparation methods 
suggests intermediate instances that turn black and 
white results from controlled experiments into grays 
which cannot be ignored. For instance, tubers and other 
items might be cooked in their own liquid, without 
additional water, which, strictly speaking, is neither 
boiling nor toasting. Such exceptions and the integrity 
of the archaeological remains, determine the “grain” of 
the inferences that can made using experimental data. 
Despite these caveats, experimental work continues 
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NOTES
1.- Resistant starch is defined as “[...] starch that is not digested 
in the small intestine of humans (Champ 2004; Biliaderis 
2009). Useful term for explaining why some starches survive 
and others do not” (INSC 2011). In this paper, we used the 
term generically to refer to any starch grain preserved virtually 
unchanged.
2.- We consider charring as a special cooking technique 
used in ritual performances (e.g., in feeding Pachamama) 
(Pazzarelli 2012).
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